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1. Introduction

Pressed pellet munitions thermal reserve batteries are important sources of power
for traditional, smart, and nuclear munitions weapofheir capabilities are well
known and they are expected to remain important powecesudor munitions
applications into the indefinite future. These batteries can deliver high currents,
voltages, and operational reliabilities over wide ambient temperature ranges
(typically i 40 to +60°C) under high mechanical stresses and have long|stesf

(10 to 20-year shelf life requirements are typical). Munitions thermal batteries are
typically built in a #fdr geaterdshamodequaltad e r
1% (' 34.0 °C dew point) to avoid moisture contamination, dried under vacuum,
hermetically sealed, and then sealed into a munition that will be used one time only
many years later. They have been used inlsemm howitzer'® with setback

a I €

forces on the order of 15,000 times the s

surface (1500 g6s) and at spin rates of 275
pellet munitions thermal reserve batteries are more commonly used in low spin (0
to 20 RPS) situations and are used in numerous Department of D&&i3eand
Department of Energy (DOEmissile and nuclear applications. Operational
reliability levels for pressed pellet thermal reserve batteries generally range from
99.9% at a 95% confidence level for munitions applications to 99.999% at a 98%
confidence level for nuclear applicationso@uction costs for thermal batteries are
generally considered to be moderate and the batteries are often used in applications
where mission reliability is of crucial importance.

The US Army Combat Capabilities Development Command Army Research
Laboratory (ARL) has done extensive laboratory experimentation,-house
development, anchathematical modelingn thermal batteriefor many years®®

and hasappliedlessons learneffom those past programt® the present study.
Previously developed test fixtures and experimental procedures fowdhe
documentedLow Cost Competent MunitioLCCM)® thermal batterywere
modified as required for use the present studyARL has also done literature
searches and laboratory expenrtation on numerous molten salt electrochemical
systems and chemical preprocessing methods that have been used in thermal
batteries for ARL customers and by other laboratdridsteworthy capabilities,
opportunities, characteristics, and challenges ofitimms thermal reserve battery
technology are summarized AppendixA.

Pressed pellet munitions thermal reserve battery technology is presently regarded
by many as a mature technology with little room for future improvement in the
absence of major techmicinnovatior®® Partly for this reason, partly because
preseniproductiontype munitions thermal reserve batteries are believed adequate

revo



to meet military requirements in the near future, and partly because the technology
base is relatively small finandiy, thermal battery technology was recently
deemphasized within the Army. The Armi L o-Ramge Precision Fires
Modernization Prioritg, which can be expected to use many thermal reserve
batteries remains, nevertheless, a top priority.

Mathematical modelmn when combined with a knowledge of thermal battery
performance, chemical preprocessing, and thermal battery construction methods,
clearly shows that most present munitions thermal reserve batteries are grossly
overdesigned (larger than necessary) iniot@eneet heat transfer requirements. In

the long term, mathematical models and laboratory experiments clearly show that
presently required volumes for most thermal battery applications could be reduced
by huge amounts because the thermal conductivityesalfithe thermal insulation
packages could be greatly reduced simply by controlling the operating gas
atmospheres within the porous thermal insulation packages. In the short term, even
minimal advances in gas control and mathematical parametric optionizain be
expected to be of significant help to
priority.

The importance of the quantities and chemical compositions of internally evolved
gases present during thermal battery operation has been recognizeghsand
characterization and control efforts have been reported since at least as early as
1960 Early efforts on gas characterization during thermal battery operation
focused on reducing the gross quantity of gas evolved during pyrotechnic ignition
in order to avoid rupture of the hermetically sealed stainless steel (SS) external
battery cases. Internal gas atmosphere control to control heat transfer in munitions
thermal reserve batteries has been successful in numerous laboratory tests, but was
never fuly optimized in production. Insteaghroductiontype thermal batteries

have routinely been made larger than necessary (overdesigned for heat transfer) to
the point where the required temperature maintenance of the cell stack during
battery operation coulthe easily accomplished. The effects of the gas control
problems on production battery lifetimes have been acknowledged and mitigated
for specific applications by battery vendors when possible oty using simple
methods such as choosing constructi@ihnuds and materials known to evolve less

gas during battery operation, controlling impurity levels, and minimizing water
contamination during battery construction.

By combining operating atmosphere gas control with appropriate changes in battery
construction and materials processing, mathematical modeling clearly shows that
volumetric energy density values for many presently fielded thermal batteries could
be increasd by factorf 5 or more. It should be emphasized that such batteries
would require gas control not available at present. In addition, the thin film anode,

t

he
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cathode, and electrolyte components that would be required for very small thermal
batteries remainntested or tested only in exploratory manners, but mathematically
modeled examples that contain all the required pyrotechnic and electrochemical
materials might become feasible when using future production techniques. With a
moderate vacuum operating gasnosphere (~50 p Hgnicrons of mercurjyor

6.67 Pa[pascdl) and adequately thiflm anode, cathode, and electrolyte
components, the mathematical models show that small (~0.20 inches in diameter
by ~0.25 inches tall)low current (1.5 mA) thermal batteries delivering 5.4 to
7.2 V could last 566 s with a nominal volumetric thermal battery energy density
value of 0.090 WhA?

Operating thermal battery chemical complexity combined with the high operating
temperatures fothe highly reactive electrochemical cell stack components
(typically 400 to 60C°C) and the long required thermal battery shelf lives makes
any simple, rapidly implemented, and demonstrably reliable removab giasi

from thermal battery operating atmbspes difficult. A sustained initial effort by
workers ranging from materials scientists to production line engineers would be
required for the initial testing and development of both the precursor materials and
the operating thermal batteries in ordemrébably obtain the smallest sizes and
longest lifetimes. Once the proper procedures become established and understood,
however, the added cost required to implement and maintain the required
technology should become nominal added costs and efforts thidd e easily
acceptable for most thermal battery applications. Proof of the effectiveness of any
proposedechnologicaimethod to operate reliably both before and after-g€20

shelf life period must be demonstrated.

Because gas control in operatingitmal batteries shows great potential for battery
miniaturization but has proven difficult to implement simply and reliably in the
past, the purpose of the present report is to summarize previous efforts and to
identify promising approaches for future wank gas control that might be required

to make future munitions thermal reserve batteries significantly smaller than at
presentThe first experiments done for this report in 2017 (HPST1 through HPST4)
showed that bl gas evolved from heat paper pyrotechpmwders containing
significant amounts of lead dioxide (PY@ould not be removed effectively using
zirconium/barium chromate (Zr/BaCgOpyrotechnic powders and results from
those experiments are not included in this rejata from the last four gasntrol
experiments done in 2017 (HPST5 through HPSAr@)analyzed and compared

with similar tests from gas control experiments done in 2012 to help illustrate and
analyze the present successes and challenges of operating atmosphere gas control
experimeration. HPST8 was the most successfubls removal test done during
2017. For HPSTS8 the evolved gas was confined within the hermetically sealed



reusable test fixturéRTF) using a bellows valve (BVRTHpr nominally 188 s
after pyrotechnic ignition to fadate chemical reactions between the evolved gas
and the pyrotechnic ash.

After the HPSTS8 test, the experimental process was reconsidered. The HPST9
experiment waghen constructedgimilar to the HPST8 experiment except that
proportionately more BaCrOvas added to the heat paper and 26.05 STP cc of
oxygen gas@2) at a measured pressure of 75Ba2r was confined within the RTF
during pyrotechnic ignition. For HPSTBVRTF remained hermetically sealed for

208 s after heat paper ignition, after which BVRTF was opened to the evacuated
gas handling systeffGHS) with the bellows valve to sample bottle BMSB1)

open. BVSB1 was then closaegproximatel\270 s after the scan sted to collect

the evolved gas sample. Analysis of the SB1 gas sample showed that the HPST9
experiment was successful in removing all measurable tracesgafsHrom the
sealed RTF atmosphere (no visible gas chromatod@a@h H. peak observed).

This hadnever been accomplished previously. These results with their implications
are reported and discussed in this report and compared with the tests that were done
in FY 2012. The FY 2012 accomplishments indés control are reported in the
references and digssed briefly in this report.

The GHS and the experimental methodology were both systematically improved
during the experiments HPST1 through HPST®e measured GHS volumes and
gas pressures for the individual tests HPST5 through HPST8 are showmepahis

for possible use in future analysd¥essurdime data points at nominal 6sl
intervals for the entire duration of the experiments HPST5 through HR®1®
progress for possible future analysisrequest

A primary initial goal of the work dmussed in this report is to experimentally
demonstrate reliableafjas evolution reduction to essentially zero by using simple
methods that could be quickly applied to presently fielgedductiontype
munitions thermal batteries. One simple method ingattd in this report is to
initiate 28/72wt% Zr/BaCrQ; pyrotechnicpowderbased heat paper mixed with
added BaCr@in the hermetically sealed GHS to remove thegBls evolved on
ignition as completely as possible while simultaneously removing the resulting
water vapor through chemical interaction with the heat paper ash components. Heat
paper that uses 22/%8% Zr/BaCrQ, has also been used in the past and has been
shown to produce markedly less ghs than the more commonly used heat paper
made from 28/72vt% Zr/BaCrQ,.1° Zr/BaCrQ, powder mixtures with higher ratios

of BaCrQy have been shown experimentally to remove batlatl HO from the
surrounding gas atmospies. The optimal weight ratio of heat paper to BaGoD

the removal of ambient hydrogen JHjas and the possibility of reacting some
ambient H gas with Q evolved during pyrotechnic ignition are two areas of



immediate interest. Because the ash thatore&® the H and HO gases is not
formed until the battery is initiated, there is no need to proteajakeemoving
agent during the@pproximately20-year storage life of the batter¥he ability to
remove H gas completely from the atmosphere of an dpegahermal battery
could be extremely helpful for the LofRRpange Precision Fires Modernization
Priority.

Comprehensive mathematical models for munitions thermal reserve battery heat
transfer and electrochemical optimization are available, in use, asthntiy being
improved at present 1° The effectiveness ofHjas control in extending munitions
thermal reserve battery lifetimes under ad hoc circumstances bbes
demonstrated experimentally many times in recent ¥é4f5 and has been
reported toand discussed with all of the major munitions thermal reserve battery
vendors in the United StateShe calibration and use of @C customized for
thermal battery gas composition analysis at ARIngstandard samplegashas

been analyzed and discusgedviously??

This report was primarily written to summarize some of the applications and
characteristics of presently used munitions thermal reserve batteries and to
demonstrate how operating gas atmosphere control in future thermal batteries could
be ued to reduce the presently required volumes of those batteries by huge
amounts Analyses oimathematicamodelsand experimental resultonsistently

show the huge improvementachsmaller sizes anchuchlonger lifdimes) that

could be achieved fanostmunitions thermal reserve battery energy densities by
the control of operating gas atmospheres in present thermal batteries.

2. Heat Transfer in Thermal Batterie$/licroporous Thermal
Insulators and Gas Control

Because space is at a premium for most cotiweal and nuclear munitions
applications, high volumetric battery energy density values are almost always
desirable. Because of the high operating temperatures of thermal cells and the
limited space for thermal insulation in munitions, heat transfesually the major
limitation to reducing munitions thermal reserve battery sizes and increasing
volumetric energy density values. Total elimination of ¢ds from munitions
thermal reserve battery operating gas atmospheres could lower present porous
thermalinsulation package thermal conductivity values by nominal factors ranging
from 1.5 to 3 even when starting with the best (microporous) thermal insulators as
a baseling*?* Because munitions thermal reserve battery cell stack
electrochemical capacitieseaoften larger than necessary to provide additional
mass and heat while the stack cools, the simple removal ga$ifrom a thermal



battery with no other changes could often produce a significant immediate increase
in battery lifetime for many munitiongserve thermal batteries presently used in
field applications.

Microporousthermal insulatiorparticle sizedor munitionsthermal battees are
nominally less tha®.1 micrd meter (i m) diameterandare chosen for use with

air at room temperature and thr@sphere (atm) pressure (760rr). Microporous
thermalinsulators aresuperior because lhey use opacification agents such as
particulate metal oxides to reduce radiant heat transfer, and 2) the bulk insulation
particle pore structures are small enotglinterfere with the mean free paths of

the enclosed gas molecules, which can substantially reduce the bulk insulation
thermal conductivity values to values even below those of the given enclosed gas.
The mean free path of any particular gas can be letéécufrom the effective gas
molecular diameter and from the temperature and pressure of the gas. Calculated
mean free paths of air and ghses at 25 °C and*lPa (0.986923 stdtm pressure),

for example, have been reported as 0.0691 and 0.126 fespectiely.?® In
addition to possessing low thermal conductivity valo@sroporousnsulatorscan

be used akadbearing materials for thermal battery electrochemical cell stacks,
even in LCCM type artillery applications that typically require mecicahsupport
under initial setback forces on the order

For thermal insulators with larger particle sizes, the thermal conductivity values of
the thermal insulation in working thermal batteries will often approximate the
thermal conductivityalues of the gas atmospheres enclosed in the porous thermal
insulation structures. Thermal conductivity values for relevant gases are shown in
Figs. 1 and 2 When starting with many of these less expensive and larger particle
size thermal insulators asbaseline, insulation thermal conductivity values could
be reduced by a much larger nominal factor of about 6 by the removabagtds

can be seen in Fig. 1. The thermal conductivity values of porous thermal insulators
in operating thermal batteriestivlarge particle sizes would be reduced from being
similar to those of H to being similar to those of air in Fig., because
approximately 95% of the remaining gases present during thermal battery operation
(nitrogen[N2], O., carbon monoxidg¢CQO], methane[CHy], and carbon dioxide
[CO]) will collectively have thermal conductivity values similar to those of air.
Opacification agents or other methods of reducing radiation heat transfer will be
required for both large and small particle size thermal atisig materials.
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Fig. 1  Thermal conductivity values of selected gasésH2 through xenon (Xe)

If H2 gas could be removed, some of the less expensive thermal insulators would
become nearly as effective as some of the best present microporous thermal
insulators for many thermal battery applications when used with appropriate
opacification agents. The optized miniaturization of operating thermal batteries

to the smallest possible sizes is complex, but the eliminatior: gkl from the
operating atmospheres is almost always a highly effective starting point. Some
easily implemented method of totally elmating the evolution of kgas or at least
reducing the amount of Hgas evolved to a reliably low level might produce
sufficient thermal battery energy density improvements so that private thermal
battery companies would feel financially compelled to exigie additional effort

in battery construction and/or improved chemical processing techniques necessary
to develop more fully miniaturized munitions thermal reserve battery designs.

Once thermal battery volumes have been minimized for thermal insuhdtiohl,

gas completely removed during operation, further significant reductions in thermal
conductivity values could still be achieved using gas control methods. The extent
of the additional improvement possible can be sedrig. 2 (the lower part of

Fig. 1 with an expandegtaxis), which shows more clearly the large differences in
thermal conductivity values for the four gases that appear to have similar thermal
conductivity values in Fig. 1. As noted in the introduction, further improvement in
thermallifetimes even after the operating gas atmosphere has been completely



controlled remains possible by optimization of the theilmatteryelectrochemical
heat sourcstacks.
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Fig. 2  Thermal conductivity values of selected gasésair through Xe (from Fig. 1)

Typical gas compositions of operating munitions thermal reserve batteries made
both by vendors and at ARL start at%@o 80% H. gas by volume on pyrotechnic
ignition and gradually decline from the startingd#4s volume percentage by%0

to 40% by volune while showing a significant increase of £3jas during a typical

2- to 5-min munitions thermal battery lifetime as showrAppendixA (Fig. Ai 1).
Thermal battery lifetimes have been experimentally improved at &RISandia
National Laboratories, andybcommercial vendors simply by backfilling and
hermetically sealing existing thermal batteries with low thermal conductivity value
chemically inert gases such as argon, krypooixe.*’°

Table 1 shows the experimental effect of letting thegbks escap and burn off
(which produced effectively complete gas removal by intentional case venting)
during the operation of the pressed pellet LCCM (hermetically sealed) and
MANLOS (vented) munitions thermal reserve batteries built at ARL. MANLOS
and LCCM themal batteries were much different in size (nominally 561.0 cc and
26.74 cc total internal case volumes respectiviflyhut both used similar,
predominantly microporous, thermal insulation packages commonly used in the
field so that their measured thernsahductivity values as shownTrable 1 would

be nominally equal in the same internal operating gas atmosphere.



Table 1  Nominal measured operating thermal battery thermal insulation package global
thermal conductivity values for ARL built thermal batterie s during operation with (Sealed
Casé LCCM) and without (Vented Caséd MANLOS) H 2 gas in the operating atmosphere.

Experimental Global Thermal Conductivity Values of Predominantly
Microporous Thermal Insulation Packages During Thermal Battery Operation
With and Without H, Gas in Porous Thermal Insulation at the Nominal Thermal
Insulation Package Median Temperature of ~ 300 °C During Battery Operation

Global Thermal Conductivity of
Battery Thermal Insulation Package x 10*
cal/s-cm-°C
LCCM Hermetically Sealed (H» Present) 4.1
MANLOS (Vented i Hz Burned/Allowed 13
to Escape '

Note Measured thermal conductivity value ratio for these two predominantly microporous battery thermal
insulation packages during operatiatrthe nominal median thermal insulation temperature oG00
during thermal battery operation is 4.1/1.3 = 3.15.

Significant improvements in thermal battery energy densities can often be achieved
simply by using new thermal insulation materials as thegome availableNon-
microporousthermal insulairs’’ have been used for many years as thermal cell
stack sidewraps with the dual purpose of absorbing leaking molten salt electrolyte
from operating thermal cells and simultaneously providing limited-wide
thermal insulationThese insulators amuch more effective at absorbing molten
salt electrolyte leaks from the thermal cell outer diameters to prevent ionic short
circuits than argresently used microporous thermal insulatms they donot

react chemically with lithium (Li)/aluminum @Al) and Likilicon (Si) anodes
significantly at thermal battery operating temperatuisesdo the microporous
thermal insulators

Non-microporous thermal insulation isn often acceptable and relatively
inexpensive thermal insulah used as a major component of the thermal insulation
packages of many presently fielded munitions thermal batteries. Recently
developednonmicroporousthermal insulators have been shown gerform
acceptably while maintaining physical contact with the Li/Al and Li/Si anodes of
operating thermal batteries and simultaneously providing longer thermal battery
lifetimes thartraditionally used nomicroporous thermal insulatofé3!

3. Experimenal

Previously established gas collection, gas quantity, and gas composition test methods
were used'®20 Gasquantities were determined from the measured gas pressures
during the tests and from GHS volumes previously measured using the ideal gas
law in conjunction with calculations of physical volumes and water weight



methods. Rounding errors and interim parametric experimental uncertainties for the
calculations were ignored during the calculations and their effgete then
explained later in the texas necessary to facilitate mathematical procedures
involving operations such as subtracting two large numbers to obtain a critically
important smaller number.

SS sample bottles with the manufOf&%ct ur er 6s
served as the pmary standards for determining all gas volumes. For the 2012 tests

the internal volumes of the sample bottles plus SS attachments were originally
assumed to be equal to 10 <cc. The manuf ac
Capacitance Manometer (DCM) uskxnt gas pressure readings was 0.5% of the

reading. A drawing of a GHS used in 2012 is show\ppendixB. All 2017

through 2019as volumedor the HPSTS5 through HPST9 testgre ultimately

measured at room temperature using the DCM measured gas pvaistite ideal

gas lawusing a single designated but representativecddnternal volume SS

reference sample bottle. Identical sample bottle types and SS attachments to the

bellows valves attached to those sample botHgs 8) were used for the 2012 @n
the2017through 2019as evolutioriests.

36inch long by 1/8 inch outer
dizmeter copper tubing

{

Filter Filter

Filter

Reussble Test
Fisture[RTF)

1Zinch long by 1/8 inch
M| outer dizmeter copper

tubing

d2inch long by 12
inch inner diameter

butyl rubber tubing EVEXP

MES DCM
pressure transducer

SO0 mi Ta wacuurn
Erlenmeyer pUmp
flaskfor gas
expENSion

Guick Connect
v

Stainless Steel Cross
tor 1/8 inch outside
diameter stainless
steel tubing

A0 oo interna wolume
gas sample bottle

Fig. 3  Gas evolution testing and collection manifold for HPST8 (Not to scale)

Notes. Internal Volumes (cc): RTF physical cylinder bottom 24.88pty RTF+SStubing up to closed
BVRTF =26.93 by ideal gas laygasash reaction volume can be completely confined within the
RTF + tubing up to closed BVRTF); GHS + RTF + SB = 54.44; Erlenmeyer flask + butyl tube = 590.0
Total volume of 10 cc SB plus tubing to closed BW#3B.95 + 5%
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For the 201hrough 201%estsHPSTS5 through HPST3he representative and
designated sample bottle plus SS tubing to the closed BVSB was first used to
measure successively larger portions of the GHS volume. All 2017 GHS volumes
were ultimately confirmed by a combination of physicafigasured volumes along

with the weight of the water in theaterfilled 500-cc Erlenmeyer flask shown in

Fig. 3. By these methods the total volume of the designated sample bottle plus SS
tubing to the BVSB was determined to be 12.95 cc to an estimaterh@gaf

+5% and that sample bottle then became the primary reference for both the 2012
and the 2017 gas quantities.

The previously reported gas quantity values for the 2012'%estse then
multiplied by a nominal correction factor of 1.295 and thoseected 2012 gas
guantities are used in calculations throughout this report. This gas quantity
correction is the only required correction to any of the values reported in the 2012
gas analyses. All gas volumes for this report were ultimately measured to an
estimated accuracy of £5%.

The 2017 GHS configurations used to measure gas quantities in this report were
sequentially developed starting from the 2012 GHS in order to produce a smaller
more versatile GHS that could produce higher, more easily measusettga
pressures and/or use smaller quantities of pyrotechnic powders. Higher gas
pressures help the evolved ¢hs to react more readily with the Zr/BaGi@CM

flight test heat papgt CCMFTHP) pyrotechnic powder ash and the added BaCrO
Detailed drawigs of the 2017 RTF and the R¥Sinsets that can be used to reduce

the effective volume of the RTF in order to increase the test gas pressures are shown
in AppendixC. The GHS used to measure the gas quantities for both the HPST8
and HPST9 experimentssiown in Fig. 3.

The 2017 experiments were originally planned to be a series of experiments using
LCCM-type thermal cells ihCCM-type thermal battery stacks so that thermal cell
heat generation rates and battery stack heat losses could be easily meabtased
been done many times previoudlifhe individual experiments were therefore
designated HPSTn with n designating the number of the experiment. The first
HPSTn experiments using only heat paper were expected to be finished quickly.
Those results werexpected to confirm the 2012 gas evolution test results and to
provide a check of the 2017 experimental test procedures. Eight gas evolution tests
(HPST1 through HPST8) were done in 2017, and all eight tests used only heat paper
or heat paper plus BaCgAlthough BaCrQ was shown to removezHjas from

the surrounding atmosphere successfully, none dditietests done in 2017 were

as successful as the 2012 tests had been. Tests HPST1 through HPST4 used a heat
paper that contained significant amountsPtfQ, and little or no H gas was

11



removed using added BaCs(@ those tests. Tests HPST5 through HPST8 in 2017
used the same LCCMFTHP (28/M2% Zr/BaCrQy) as did the 2012 tests. The
HPST5 through HPSTS8 tests removed evolvedas effectively but were nquite

as successful as the 2012 tests.

For experiment HPST3vhich used only LCCMFTHP as a baseline test, all of the
gas insets shown ippendixC were used and the internal volume of the RTF with
insets was calculated at 4.59 cc. After experiment HP8IESSS insets were not

used in order tonore easilyprevent electrical short circuits between the RTF and
the nichrome wire match. The bellows valve BVRTF was added to the GHS after
the HPST7 experiment to confine the evolved gas inside the RTF cloke to t
pyrotechnicpowder ash and to further increase the gas pressure andsbas
chemical reaction rates on initiation of the pyrotechnic powders starting with
experiment HPST8. The internal empty (no SS insets added) RTF cylinder had a
calculated physicalalume of 24.88 cc (1.25 ah diameter by 1.237 ohesdeep)

as shown inAppendixC and could be isolated from the rest of the GHS using
bellows valve BVRTF starting with the HPST8 test. The total volume of the empty
RTF plus attached SS tubing and intel®RTF volume open to the RTF when
BVRTF was closed using the DCM measured gas pressures and the ideal gas law
was measured at 26.93 cc. The RTF inner case dimensions without the SS insets
were similar to those of the internal case dimensions of the figgitLCCM
thermal batteries successfully tested inX66-mm howitzerat Yuma Arizona,on

5 August 2008 (24.72 dd.2455 ich diameter by 1.2382 ahesdeeg).?

Evolved gas volumes were calculated fro@M-measured evolved gas pressures
and the previosly measured GHS volumes using Excel spreadsheets. Evolved gas
chemical composition measurements were made on the gases collected in the
sample bottles using@C customized for thermal battery evolved gas analysis that
used a porous layer open tubular @A) gas capillary columnvith a thermal
conductivity detector and an ulthagh purity (UHP) argon carrier gaSas samples

were injectedrom the 10 cc SS sample bottlesing a éport SSvalve with a

50 | SSsample loop.The chemical compositions wegenerally accurate to
approximately £10.0% of the percentage measured as described preiousy.

gas composition percentage measured as 10% by volume of the total mixture to
+10% accuracy the true value of that particular gas composition percenthge wi
generally fall somewhere between approximately 9% and 11% by volume of the
total mixturel®20.22

Representative measured gas leak rates from ambient room atmospheric pressure
at approximately25 °C into the evacuated GHS at a nominal pressure off@105

(6.67 Pa) werg.362H 05 stdatm-cc/s with BVRTF and BVTEE of Fig. 3 both

open and 1.585W7 stdatm-cc/s with BVRTF and BVTEE both closeall¢éak rate

12



of 1 standard atmosphere cubic centimeter per sgabdietm-cc/q equals a leak

rate of one culgi centimeter of an ideal gas measured at oratstl0 °C and 760
Torr] per second). The GHS could not be as tightly sealed when BVTEE to the
Erlenmeyer flask and BVRTF were both open. During a typ8amin gas
evolution test with BVRTF and BVTEE bothpen a calculated total of
30x 60 x 3.362E 05 = 0.06052 steatm-cc of ambient room temperature air would
have leaked into the evacuated GHS at a nominal pressure off @05With
BVTEE and BVRTF both closed, the representative amount of ambient lalyorator
room air at 25 °C that leaked into the evacuated GHS in 30 min at a nominal
pressure of 0.050rr would have been much less ¢860x 1.585E07 = 0.0002844
std-atm-cc).

A stepby-step test procedure checklist for the Standing Operating Pro¢&dire

for pyrotechnic powder gas evolution and collection in this report is shown in
AppendixD along with supporting procedures for preparing and installing the
silicone rubber gaskets (SRGs) used to seal the iBilike the pyrotechnic powder

and makethe nichrome wiranatch.That SOP addresses important safety issues
encountered when working with thermal battery materials, including the
importance of proper grounding to avoid inadvertent electrostatic ignition of the
pyrotechnic materials, wearing pifoper personal protective equipment (PPE), and

proper hazardous materials (HAZMAT) handling, storage, and disposal methods.

4. Heat Paper Gas Evolution Experimeri?snein 2012 and in
20172019

An experiment done in 2012 that used 2.412 ¢©@EMFTHP as the only test
component evolved a corrected volume of 13.87astdcc of total gas/g of
LCCMFTHP when ignited and evolved no apparent watgyorl® Table 2 shows

that when 2.4224 g dfCCMFTHP was mixed in gross layers with 1.095®f
BaCrQ, powderand ignited that a corrected volume of 0.5605adtd-cc of total

gas/g of theLCCMFTHP was evolved excluding apparent water vapor so that
100x (13.877 0.5605)/ 13.87)=95.96% of the total gas that would have been
evolved based on the first experimanTable2 was removed. As noted 8ection

3, the total amount of gas reported in 201
bottle volume of 10 cc instead of the nominal 1Z28%olume for the sample bottle

plus associated tubing measured in 2017, lneippercentage of total gas removed

in 2012 remains unchanged at 95.96%. The small amountgddtemaining (less

than 4.04%) in mH>/air mixture would have a thermal conductivity very similar to
thatof air'®?® so that this 2012 experiment could be counted as a success because
it demonstrated that a gas could be produced that would have reduced the thermal
conductivity values of microporous thermal insulation packages by factors of 1.5

13



to 3 by removing H gas. he corrected evolved gas quantities for the 2012
tests are shown imable 2 and the HPST5 through HPSTgas quantities

and gas compositions measured in 2@0A9 from the samdCCMFTHP are
shown in Tables 3 and 4. Table 3 showbat for HPST8 a total of
100 % (16.071 1.565)/ 16.07=90.26% of the H gas was removed based on the
amount of H gas that was evolved for HPSTS5. Internal GHS and RTF volumes
used for specific tests as the GHS was systematically improved are shown in text
below the respectivables.

All of the heat paper samples evaluated in the 2012 and 2019 experiments
analyzed in this report were taken from the same vesgplied batch and used
28/72wt% Zr/BaCrOy pyrotechnic powder. Previous experiments dating from as
early as 1960ave shown that 22/A8t% Zr/BaCrQ, pyrotechnic powder produces

little gas!®!! More recent experiments have shown that 2 Zr/BaCrQ,
pyrotechnic powder can also removegdas present from other sources, apparently
by oxidizing H gas to watet® Based onthese previous resujts promising
approach to study Hgas removal regardless of its original source would be to
initiate either 28/720r 22/78wt% Zr/BaCrQ; heat paper powder in a GHS with
added BaCr® powder and measure the amount ob gas removed. Because
28/72wt% Zr/BaCrQ, is more readily available and more commonly ygbdt
material was chosen for experimentation in this report. The HPST5 test used only
28/72wt% Zr/BaCrQy pyrotechnic powder and served as a baseline testigad
ewlution. The HPST6 and HPST?7 tests used increasingly intimate mixing methods
of the 28/72wt% Zr/BaCrQ, pyrotechnic powder with the extra BaGr@owder.

The HPST8 test, which was the most successful test done in 2017, usé&tbihie
intimate powder mixingprocedure and in addition used a BVRTF to hold the
evolved gas within the RTF to permit enhanced interaction between the evolved
gas and the pyrotechnmowderash. The first HPST8 sample bottle was closed
approximately305 s after the start of the electio scan (~295 s after pyrotechnic
ignition) and the second HPST8 sample bottle was closed 1055 s after the start of
the electronic scan. Experimental detailstfer 2017 tests are outlinedTables 3

and 4 and discussed. Calculation details for GHS wwds and evolved gas
guantities using experiments HPST8 and HPST9 as examples are shown and
explained inAppendixE.
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Table2 Evolved (LCCMFTHP) 2012 gas quantities (corrected in 2017) and gas
compositions (unchanged)

Total Gas Evolved/g of Heat Paper (Excluding Water Vapor)
std-atm-cc/g
2.412 g Heat Paper | 2.4224 g Heat Paper + 1.0950 g
BaCrO4
13.87 0.5605
SB1 (SB2) Gas Volume Percentages
SB1 SB2 SB1 SB2
Ho 82.4 72.7 78.0 60.5
02 0.00 2.13 3.03 6.71
N> 0.00 0.00 6.76 21.3
CO 16.2 23.4 12.3 11.5
CH4 1.44 1.81 0.00 0.00
CO: 0.00 0.00 0.00 0.00
Total | 100.04 100.04 100.09 100.01
Apparent Total Water Vapor Volume after Gas Expansion
std-atm-cc/g of Heat Paper
| 0.00 | 9.507 (2445.3 s After Ignition)

Notes:  All original*® 2012 gas quantities and internal GHS volumes were multiplied by 1.294644 as
described irBection3 andAppendixE to obtairthe corrected values shown faaifile 2
GHS+RTFpyrotechnic ash volume (left column) = 80.24 cc
GHS+RTFpyrotechnic ash volume ¢t column) = 79.93 cc
Gas expansion desiccator plus butyl tubing = 2874.68 cc
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Table3 Evolved LCCMFTHP gas quantities and compositionsmeasured in 2017
(experiments HPST5 and HPST8)

Total Measured Gas Evolved (std-atm-cc)/g of Heat Paper

HPST5 HPST8
0.9451 g Heat Paper 1.134 g Heat Paper + 0.6509 g BaCrOu
No Additive i No BVRTF Intimate Mix i BVRTF Closed for 198.7 s
After Scan Start
Pyrotechnic Ignition 11.197 Pyrotechnic Ignition (Manual Record
s after Scan Start Only) 10 s after Scan Start
Total Volume of All Gases Evolved When SB1 and SB2 Were Closed (std-atm-
cc/g of Heat Paper) and Closing Time After Initial Pressure Rise (s)
SB1 20.79 41.8 s 6.229 106.2 s
SB2 20.42 794.8 s 5.923 856.2 s
SB1 (SB2) Gas Volume Percentages
SB1 SB2 SB1 SB2
H> 77.28 56.92 25.13 26.12
O2 0.11 1.35 19.81 3.28
N> 0.47 8.15 2.76 13.36
CO 14.65 8.67 8.23 9.95
CH4 5.95 15.16 1.65 1.78
CO2 1.54 9.74 42.42 48.99
Total 100.00 99.99 100.00 103.48
Calculated Total Volume H; Gas Evolved When Indicated Sample Bottle Was
Closed
(std-atm-cc/g of Heat Paper) and Closing Time After Initial Pressure Rise (s)
SB1 16.07 41.8 s 1.565 106.2 s
SB2 13.57 794.8 s 1.532 856.2 s

Apparent Liquid Water Expressed as Vapor (std-atm-cc) From Gas Expansion/g

of Heat Paper Measured at End of Scan (seconds)

0.4710 (1398.7 s After Ignition) |

5.700 (1722.4 s After Ignition)

Notes:

HPST5 small GHS+RTF (with SS insefsyrotechnic ash volune 15.20 cc

HPST5 calculated pyrotechnic ash plus nickel ribbon volume = 0.2381 cc

HPST5 small GHS = 10.85 ¢cRTF (with SS insets) = 4.59 ¢darge GHS =111.59 cc
Erlenmeyer flask+butyl tube volume = 590.0 cc by measurement and calculation
HPSTS5 tdal volume for water expansion at 1398.7 s after ignition =15.20+111.59+590 =
716.79 cc
HPST8 RTF+GHS+SHish volume = 26.93+14.56+12:981 = 54.03 cc

HPST8 empty RTF plus tubing to closed BVRTF volume = 26.93gnall GHS volume = 14.56

cci Samplebottle plus SS tubing to SS BVSB volumd 2.95 cct 5%.
HPST8 calculated pyrotechnic ash volume plus nickel ribbon 0.4146 cc
No large GHS

Erlenmeyer flask+butyl tube volume = 590.0 cc by measurement and calcufgpioendix E)

HPSTS8 total volume for water expansion at 1921.4 s after ignition (sample bottle is closed) =

14.56+26.93 (+146+590 = 631.08 cc
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Table 4
(experime

Evolved LCCMFTHP gas quantities and compositionsmeasured in 2017
nts HPST6 and HPST7)

Total Measured Gas Evolved (std-atm-cc)/g of Heat Paper

HPST6 HPST7

1.1059 g Heat Paper + 0.4929 | 1.1415 g Heat Paper + 0.4932 g BaCrO.
g BaCrOs4 in Discrete Intimately Mixed i No BVRTF
Chemical Layers i No

BVRTF

Pyrotechnic Ignition 6.897 s
after Scan Start

Pyrotechnic Ignition 5.897 s after Scan
Start

Total Volume of All Gases Evolved When SB1 and SB2 Were Closed (std-atm-
cc/g of Heat Paper) and Closing Time After Initial Pressure Rise (s)

SB1 6.132 50.1s 7.610 61.1s

SB2 5.366 923.1s 7.179 1061.1s
Bl (SB2) Gas Volume Percentages
SB1 SB2 SB1 SB2

H2 82.84 71.23 69.40 46.64

O 0.54 2.04 0.40 2.84

N> 0.42 7.83 1.33 7.83

CO 12.98 13.92 16.32 15.76
CHa 2.47 2.82 3.03 2.22

CO2 0.75 2.16 9.53 19.18
Total 100.01 100.00 100.01 94.47
Calculated Total Volume H; Gas Evolved When Indicated Sample Bottle Was

Closed

(std-atm-cc/g of Heat Paper) and Closing Time After Initial Pressure Rise (s)
SB1 5.080 50.1s 5.281 61.1s
SB2 4.013 923.1s 3.784 1061.1s

Apparent Liquid Water Expressed as Vapor (std-atm-cc) From Gas Expansion/g

of Heat Paper Measured at End of Scan (seconds after ignition)

2.

281 (1572.8 s After Ignition) | 4.403 (1854.7 s After Ignition)

Notes:

HPST6 smdlGHS+RTF volume (no insetgyrotechnic ash volume = 35.35.cc

HPS6 Small GHS volume = 10.85.cc

HPST6 calculated pyrotechnic ash volume = 0.3731 cc

HPST6 large GHS volume = 111.59 cc

Erlenmeyer flask+butyl tube volume = 590.0 cc by measurement andatin

HPST6 total volume for water expansion at 1572.8 s after ignition = 35.35+111.59+590 =
736.94 cc

HPST7 small GHS+RTF volume (no insepgrotechnic ash volume = 38.51 cc

HPST7 RTF volume = 24.88 ¢csmall GHS volume = 14.01 cc

HPST7calculated pyrotechnic ash volume = 0.3813 cc

No large GHS

Erlenmeyer flask+butyl tube volume = 590.0 cc by measurement and calculation
HPSTY total volume for water expansion at 1854.7 s mfidtion = 24.88+14.013813+590 =
628.51 cc

The HPST9 experimerdone in 201used a higher ratio of BaCs@long with

26.05 stdatmcc & in the RTF withBVRTF closedfor the first 208.0 s after
pyrotechnic powder ignition. The HPST9 experimental results are shown in

Table 5.Note that for HPST8onein 2017 100x (16.077 1.565)/ 16.07= 90.26%

of the evolvedH> gas was removed and that for HPSithein 2019 100% of the

measurable evolved-Hjas was removed (n:IEC peak visible).
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Table 5

Evolved LCCMFTHP gas quantities and compositionsmeasured in 2019
(experiment HPST9)

Total Measured Gas Evolved (std-atm-cc)/g of Heat Paper

HPST9

1.134 g Heat Paper + 0.756 g BaCrO4 Along With 26.05 cc STP O, Gas Initially
Sealed Within RTF on Ignition i BaCrOs Powder and Heat Paper Were Intimately
Mixed i RTF Remained Sealed for 208 s After Scan Start i RTF Was Then

Opened for Gas Sample Collections

Pyrotechnic Ignition (Manual Record Only) Occurred ~3 s After Scan Start

Total Volume of All Gases Present When SB1 and SB2 Were Closed (std-atm-
cc/g of Heat Paper) and SB Closing Time After Scan Start (s) i Some Laboratory
Ambient Air Entered GHS When SB2 Was Added to Quick Connect Valve

SB1 13.55 270 s
SB2 15.95 1030 s
SB1 (SB2) Gas Volume Percentages
SB1 SB2
H> 0.00 0.00
O> 55.35* 25.85*
N2 0* 55.44*
CcO 0.00 0.00
CHa 0.00 0.00
CO2 44.65* 18.71
Total 100.00 100.00
Calculated Total Volume H,; Gas Evolved When Indicated Sample Bottle Was

Closed
(std-atm-cc/g of Heat Paper) and Closing Time After Scan Start (s) i All H> was
Removed from the Test Gas Atmosphere
SB1 0.00 270 s
SB2 0.00 1030 s
Apparent Liquid Water Expressed as Vapor (std-atm-cc) From Gas Expansion/g
of Heat Paper Measured at End of Scan (1928 s After Scan Start)
0.7784 (1928 s After Scan Start)
*The Proportion of Oz to N2 by this GC Measurement is Uncertain But
This Uncertainty Will Not Affect Thermal Insulation Thermal Conductivity
Significantly Because The Total Amount of O plus Nz is Correct to
Nominally = 10% and Thermal Conductivity Values of O, and N are
Similar
Notess HPST9 RTF+GHS+Skish volume = 26.93+14.56+12:9%1 = 54.00 cc
HPST8 and HPST9 used the same GHS andiRIite only internal GHS plus RTF volumetric
difference was that the solid HPST8 pyrotechnic ash volume was estimated at 0.4146 cc while the

HPST9 pyrotechniashvolume was estimated at 0.4380 cc because addiBa@dO;, was used in
HPST9(see tables & and E3 in Appendix E)

The pressurdime curves for the HPSTS5 through HPST9 experiment gas
collections are shown iRigs. 4 through 8While analyzing the HPST5 through
HPST9 pressuréme curves shown in Figs.through 8 it is helpful to remember

that the measured evolved gas quantities other than water vapor will be saturated
with water vapor at the experimental temperature so long as liquid water is present

in the system (se&ppendixE for examples of the aallated water vapor amounts
in evolved gas samples).
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Figures 7 and 8 for HPST8 and HPST9 include the times after the start of the
electronic scan before BVRTF was opened and the gas pressure in the GHS started
to increase. Pyrotechnic initiation for HPS&Bd HPST9 as recorded manually
occurred nominally 10 s and nominally 3 s respectively after the start of the
electronic scan. Before BVRTF was opened the measured gas pressure in the GHS
remained at zero (nominally 50 u Hg or 6.67 Pa) for both experinfestemmary
analysis of the HPSTBHPST9 experiments and of the similar experimeotze in

2012 is shown in @ble 6.

Table 6  Summary analysis of HPST5 to HPST9 and 2012 gas evolution experiments

H, Gas Removed by Added BaCrO4 During 2017 Measured at Time SB1 Was
Closed and Mass Ratio of Added BaCrO4 to LCCMFTHP Heat Paper

Experiment Total H, Evolved H> Removed by Mass Ratio
Designation/Time Gas Present Added BaCrOy4 of Added BaCrOg
After Scan Start When SB1 Was When SB1 Was to Heat Paper

That SB1 Was Closed Closed Based on
Manually Closed (std-atm-cc)/g of HPST5 Gas
(s) Heat Paper Evolution
(std-atm-cc)/g of
BaCrO4
Expt. S
HPST5 56 16.07 0 0
HPST6 57 5.080 24.65 0.4457
HPST7 67 5.281 24.97 0.4321
HPSTS8 305 1.565 25.27 0.5740
HPST9 270 0 * 0.6667

*Unknown i O gas originally present reacted with the evolved gases and
some of the original O, gas remained at the end of the HPST9 experiment

H> Gas Removed from EXPT 2 by Added BaCrO4 During 2012 Based on
EXPT1 Gas Evolution® 1 Total EXPT1 Gas Measured at 82.4 Volume % H,

EXPT 1 11.43 0 0
EXPT 2 0.4372 24.25 0.4520

Note that the H,> gas evolution rate of the LCCMFTHP heat paper increased
by 40.59% by these numbers from 2012 to 2017

Events on all five scans HPST5 through HPST9 that cgussdure changes can

be verified to within nominally 0.1 s using the electronic tipnessure recordings

from the initial measured pressure rises. Manually recorded times such as closing
the sample bottles that did not cause immediate pressure changgharally
believed correct within about 2 s. For HPST5 through HR8IE/RTF was open

to the GHS (no BVRTF present) and the initial pressure rise occurred at the moment
of ignition of the pyrotechnic. BVRTF was then added to the GHS for HPSTS8. For
HPST8 the manually recorded pyrotechnipowder ignition occurred
approximately 10 s after the start of the electronic scan. SB1 was closed
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approximately\805 s after the electronic scan start and 106.201 s after BVRTF was
opened. The HPST8 evolved gas was ilytiaeld within the RTF (BVRTF closed)

for 198.7 s after the scan start before opening BVRTF to produce the first pressure
rise for HPST8 and the HPST9 evolved gas was initially held within the RTF
(BVRTF closed) for 208.0 s after the scan start beforeiogeBVRTF to produce

the first pressure rise for HPSTO.

HPST5 Experiment
600 1 1 1 1 1 1 1 1 1 1 1 1
Add SB2 to QC Valve - Note Significant Gas Spill
500 "‘I: Open SB2
——— —  — — —— ——
— \ "
= ,| Close SB2 794.8 s After Ignition
o 400 = Close SB1
b at41.8s / L1 1 1
5 [—| After Ignition 4 [] Open BV to Large GHS ]
2 300 | 4
g B
200 Open BVTee
SB10O t V !
pen a
100 coan Start / 6.816 Torr ||
" / /
0 200 400 600 800 1000 1200 1400 1600
Time (s)

Fig.4 HPST5 pressuretime curve

Notess ~ SeeTable 3 for internal volumes of HPST5 GHS components
Temperature of GHS during HPST5 experiment was 24.2 °C
Note that the total gas pressures measiaredPST5 which used no added BaCs@re significantly
higher than the gas pressures measured in any of the experiments HPST6 through HPST8
Gas pressure when SB1 was closed was measured at 566r13
Gas pressure when SB2 was closed was measured at 29708168
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HPST6 Experiment
250
200
Close SB1 at 50.1 s After Ignition
Tt . 1 1
£ Add SB2 to
o 150 QC Valve
§ OpenSB2 II_ Close SB2
ot 923.1 s After
L N
D_ .
100 &- |gn|t|0n . Open BVTee
"
50 SB1 Open at ,/ -
Scan Start 6.216 Torr
Open BV to 1
Large GHS \
0 | |
0 200 400 600 800 1000 1200 1400 1600
Time (s)
Fig.5 HPST6 pressuretime curve
Notes: See HBble 4 for internal volumes of HPST6 GHS components

Temperature of GHS during HPST6 experiment was 24.3 °C
Gas pressure when SB1 was closed weasured at 116.228dtrr.
Gas pressure when SB2 was closed was measured at 70d3407
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Pressure (Torr

200

150

100

50

HPST7 Experiment

Close SB1 61.1 s at After Ignition

Add SB2 Open SB2
L
~ // 11
Close SB2 1061.1 s
After Ignition
,
//
BVT
SB1 Open at || Open °
= Scan Start 12.577 Torr
411 N
/ Water in RTF Vaporizes ~ N
v 1
L 1 1 1 1 1.1

0 200 400 600 800 1000 1200 1400 1600 1800
Time (s)

2000

Notes:

Fig.6 HPST7 pressuretime curve

SeeTable 4 for internal volumes of HPST7 GHS components
Temperature of GHS during HPST7 experiment was 25.2 °C
Gas pressure when SB1 was closed was measured at 1400417
Gas pressure when SB2 was closed was measured at 963456
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Pressure Torr

HPST8 Experiment*

120
Close SB2 Open BVTee

856.2 s ] 1158.203 s

100 ] e ———— After BVRTF}= After BVRTF

Opened || Opened

Close SB1
80 L 1062s | Add SB2 to /
After QC Valve
50 BVRTF bpen
Opened SB?2 Y| Final Gas
T Pressure
40 BVRTF Closed 13.36 Torr
First 198.7 s | WaF;‘;rF
20 SB1 Open - I\7&1 orizes
BVHC Closed P ~ q
at Scan Start
0 | |
0 500 1000 1500 2000
Time (s)

Fig. 7 HPSTS8 pressuretime curve

* Time zero is start of scanTimes can be measured within 0.1 s only if events causeypeeshanges

Notes:

SeeTable 3 for internal volumes of HPST8 GHS components

Temperature of GHS during HPST8 experiment was 24.5 °C

The HPSTS8 electronic scan was stopped 1772.4 s after BVRTF was opened (initial pressure rise) and
1921.197 s after thecan was started (manually recorded ignition was ~10 s after the scan was started)
Note that the initial gas pressures measured for HPST8 when BVRTF was opened are significantly
lower than the gas pressures measured when the heat paper was initiatedrreaigHPST6 and

HPSTY

Gas pressure when SB1 was closed was measured at 10Ba2i795

Gas pressure when SB2 was closed was measured at 77d@.00
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HPST9 Experiment*
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Fig. 8 HPST9 pressuretime curve

* Time zero is start of scanTimes can be measured within 0.1rdydf events cause pressure changes

Notes: Gas pressure spiked at 363 @r when SB2 was added 298.2 s after scan start
See tables 8 and E4 for internal volumes of HPST9 GHS components
Temperature of GHS during HPST9 experiment was 9.45 °C
TheHPST9 electronic scan was stopped 1719.4 s after BVRTF was opened (initial pressure rise) and
1927.4 s after the scan was started (manually recorded ignition was ~3 s after the scan was started)
Gas pressure when SB1 was closed was measured at 19@r274
Gas pressure when SB2 was closed was measured at 184r071

Note that the total gas pressure never rises as high as the HPST5 values when excess
BaCrQ is present for experiments HPST6 or HPST7. The HPST5, HPST6, and
HPST7 experiments all measdréhe gas pressure directly during the initial
pressure rise. The HPST7 powders were more thoroughly mixed than the HPST6
powders and the initial gas pressures for the HPST7 experiment were lower.

The HPST8 gas was manually released from the RTF by opBNRJF to begin

the pressure rise 198.7 s after the start of the electronic scan. For HR&T8
manually recorded pyrotechnic ignition occureggbroximatelylO s after the start

of the electronic scan. For HPSTBe gas was held in the RTF for 208.0terahe
start of the electronic scan and the manually recorded pyrotguiwaerignition
occurredapproximately3 s after the start of the electronic scan. Time zero for all
curves shown ifrigs.8 and 9 wasominally 0.1 s before the first digitallycerded
pressure rise.
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Fig. 9  First 10 s of pressure rise for experiments HPST5 through HPST9

The low gas pressure values for HPST6 and HR&THgs. 9 and 10 definitely
show that most or all of the gas reactions with the pyrotechnic ash for HPST6 and
HPST7 occurred before approximately 2 s after pyrotecpoigder ignition.
Nearly allof theevolvedgas hackither alreadyeacted with thegnitedpyrotechnic
ashsolid residueand/orotherevolved gas components or elsad not yet been
evolved by the time the first data point was taken at nominally 0.1 s after the initial
pressure rise resulting from pyrotechpiowderignition. No extremely sudden
spike of gas pressureaw observed at the moment of pyrotechp@wderignition

for HPST5, HPST6or HPST7, all of which were ignited with the DCM directly
monitoring the gas pressure at the moment of ignitimm.is there evidence @iny
sudderor largegas pressure increaseer (after 10 s) iany oftheHPST5through
HPST9experimentghat would indicatéhe occurrence afnexpected gas evolution
reactiongFigs. 4 8).
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Fig. 10 First second of pressure rise for experiments HPST5 through HPST9

5. Postmortem Photographs fo2017 and 2019

A postmortem photograph of the HPST6 experimemtich used only three
discretechemical layergheat papeBaCrQ/heat paperfjor mixing, is shown in
Fig. 11 The heat paper faests HPSTThroughHPST9 was first torinto small
piecesandthenintimatdy mixedwith the BaCrQ powder The HPST7 pstmortem
photographwith its uniform black colofFig. 12)suggests an enhanced reaction of
the BaCrQ with the Zr/BaCrQ pyrotechnicheat papeash but the actual amounts
of H> gas evolved by HPSI and HPST7 were nearly identical as shown in
Table 4. The postmortem ash of HPST8 visually appeared nearly identical to that
of HPST7 and postmortem ash of HPST8 was not photographed. However
HPST8 ash in the hermetically sealed RTF removed comadiljemore H gas as
shown inTables 3 and 4.
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Fig. 11 HPST6 postmortemashphotograph

Yellow BaCr&sand LCCMFTHP were mixedsing onlythreeseparate layef(feat
paper/BaCr@heat paperjor the HPST6test
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Fig. 12 HPST7 postmortem ash photograph

Yellow BaCrQy andsmall tornLCCMFTHP pieceswere intimately mixed for the
HPST7throughHPSTO tests.The HPST8 test was constructed as identically as
possible to the HPST7 testxcept that dellows valve (BVRTF) was added to
confine the evolved gassidethe RTFor the HPST8test
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Fig. 13 HPST9 postmortem ash photograph

Experiment HPST9 was essentially a repeat of experiment HPST8 except that a
greater weight fraction of BaCrkWas used (se€able 6) and 26.05td-atm-cc of

O: at a measured pressure of 75Ba2r was present in the hermetically sealed RTF
when the HPST9 heat paper was ignited. A detailed SOP of the HPST9
experimental procedurgith a stepby-step checklist procedurs shown in
AppendixD.

The white area to theght of the large glazed ash nodule on the rajhEig. 13is

the RTF SS bottom. The RTF SS bottom was almost uniformly covered with
postmortem ash in experiments HPST7 and HPST8. Significant amoyettoof
BaCrQ visible both in the bulk of the ashixture and on the RTF side walls in
HPST9(Fig. 14)show much greater agitation of the heat paper/Ba@Grture

from pyrotechnic powder ignition whenQvas present during ignition than
occurred intheHPST7 and HPST&sts(Fig. 12) The hermetically séead HPST5
through HPST experimeatal pyrotechnics were all initiatedlith a moderate
vacuum ofapproximately6.67 Pa (50 p Hgnside the hermetically sealed GHS
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Fig. 14 HPST9 RTF and header postmortem

6. Gas Chromatography Results

Figure15 shows a GC calibration done in 2019 using standardized gas samples that
contained allsix of the gases previously shown to be present in significant
guantities during thermal battery operation,(B2, N2, CO, CH, and CQ). The

O. and N chromatograpic peakswere difficult to separate using theLOT
capillarycolumn. An expanded detail of the ® N> chromatographic peak directly
belowis shown in Fig. 16.
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Fig. 15 GC calibration curve (667.8Torr total gas pressure measured at GC)

Fig. 16 GC calibration curve detail (667.8Torr total gas pressure measured at GC)
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